Thanks to the bulk-heterojunction (BHJ) feature of polymer solar cells (PSC), additional light active components can be added with ease to form ternary solar cells. This strategy has achieved great success largely due to expanded spectral response range and improved power conversion efficiency (PCE) without incurring excessive processing costs. Here, we report ternary blend polymer-polymer solar cells comprised of PTB7, P3HT, and PC 71 BM with PCE as high as 8.2%. 
Development in material synthesis especially on advanced low-bandgap copolymers has set a remarkable benchmark on the highest efficiency of over 10% [1] [2] [3] [4] . Still, these reported records remain below the estimated ultimate efficiency limits of 14-21% for organic solar cells 5, 6 . Single-junction polymer solar cells (PSC) with only a single electron donor-acceptor pair are inevitably restricted by light absorption limitation because of the polymer excitonic characteristics 7 . Photon energy outside of the absorption range of the active component ends up being wasted in addition to other losses due to thermalization or exciton recombination.
To overcome these problems, ternary organic solar cells have emerged very recently as a simpler alternative to extend the sensitivity spectrum in OPV 8 . Thanks to the nature of the bulkheterojunction structure employed in most of the organic solar cells, additional polymer 7 , small molecule 9 , quantum dots 10 , or fullerene derivatives 11 can simply be mixed into the conventional binary layer, resulting in a more efficient ternary system with broad-band light harvesting. Among all, poly (3-hexylthiophene-2,5-diyl) , (P3HT) is arguably one of the most commonly studied candidates for organic ternary systems. [12] [13] [14] [15] [16] [17] However, in many instances, additions of incompatible materials can result in lowered performances [18] [19] [20] [21] [22] [23] [24] . This incompatibility can be manifested in many ways 23, 25, 26 , including competitive absorption, misaligned energy level configuration, non-miscibility, and morphological traps. Although some guidelines have been put forward in this emerging subject in PSC research, accurate theories and simulations are yet to be established 27 . [3,4-b] thiophenediyl]), has captured much attention for being one of the highest efficiency single-junction PSC in literature 28 . Composed of a polymer backbone of alternating thieno [3,4-b] thiophene and benzodithiophene units, PTB7 is the 7 th generation in the series where the moiety groups were optimized for spectral coverage over the range of 550-700 nm, hole mobility, as well as fulleride miscibility 29 . In this work, we demonstrate the potential of ternary devices composed of P3HT and PTB7 blends as donors and [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 71 BM) as an electron acceptor. A recent report from Y. Ohori et. al. suggested that the use of small amounts of P3HT in PTB7:PC 61 BM could function as a replacement of 1,8-diiodooctane (DIO), which is a common additive for improving the fill factor in conventional PTB7 based solar cells 30 . Here we show that the increased fill factor observed in this system are primarily based on optical enhancements derived via energy transfer. To the best of our knowledge, a systematic study of P3HT:PTB7:PC 71 BM inverted PSCs have not been previously reported in the literature.
PTB7, or Poly([4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno
suggested that the key is to control the blending ratio to attain better control and balance of hole and electron transport properties. In addition, the energy levels between P3HT, PTB7, and PC 71 BM follow a cascade alignment (Fig. 1d) , indicating that the incorporation of P3HT can lead to efficient charge transfer pathway 8, 30, 32 .
A comparison of optical properties suggests that P3HT and PTB7 are complementary and not competing. P3HT exhibits a high absorption coefficient 33 over the blue-green visible spectrum (400-600 nm) whereas PTB7 absorbs primarily at the yellow-red spectrum (570 -750 nm), thus implies that creating P3HT-PTB7 blends can be advantageous in broadening the total absorption window (Fig. 2a) . This finding prompted us to further measure the optical absorption of films consisting of 1, 5, 10, and 20% of P3HT incorporated PTB7:PC 71 BM (1:1.5 weight ratio). As anticipated, films with moderate P3HT loading (5 and 10%) display a more well-rounded, or panchromatic coverage over the entire visible light spectrum (Fig. 2b) .
Since both P3HT and PTB7 are chromophores, theoretically Förster resonance energy transfer (FRET) can be triggered when optical, electronic, and spatial conditions of the polymer blend are met 34 . As introduced in our previous work, FRET enhancement can increase the OPV efficiency by as much as 38% 35 and 46% 36 in dye-dye and polymer-dye ternary systems respectively. In fact, the presence of cascade structures in many biomolecular complexes enhances the efficacy of photosynthetic energy utilization by preventing recombination loss through energy transfer and inducing separation of charges 34 . A recent perspective from L. Yang et. al. also suggests that the benefits of ternary solar cells can be fulfilled by taking advantage of three fundamental mechanisms, namely charge transport, energy transfer and parallel linkage enhancement 32 .
For a quick assessment on the likelihood of P3HT and PTB7 energy transfer, we investigated the steady-state photoluminescence (PL) characteristics. We first observe there is a great deal of overlap between the emission spectrum of P3HT and absorption of PTB7, satisfying one of the requirements for FRET to occur, as demonstrated in our previous works. We show the steadystate fluorescence studies of the P3HT-PTB7 films under 405 nm excitation wavelength (Fig.  2c ). This wavelength was chosen to contrast the PL selectivity of P3HT over PTB7, although the PL of neat PTB7 is still observable. We infer that energy transfer occur between the P3HT and PTB7 due to (i) a noticeable decrease of the characteristic PL features of P3HT that peak at 650, 680, and 708 nm (corresponding to the 0-0, 1-0, 2-0 π*-π transitions 37 ), and (ii) the PL of PTB7 (λ max at 760 nm) becomes stronger. As the P3HT concentration in mixed films increases, observations of the escalating magnitude of both quenching and sensitized emission is a strong indication that photon energy over this range can cause excitonic energy from the P3HT to be channeled towards the PTB7. In addition, we calculate the Förster radius (R 0 ), the theoretical distance at which energy transfer at 50% efficiency between chlorobenzene solvated P3HT and PTB7, to be c.a. 6.5 nm (supporting information, S2). We note that this lengthscale (2× R 0 ) is comparable to the domain sizes obtained from AFM images (vide infra), inferring FRET is preferable in this intimately mixed system.
Photodynamics probed by time-resolved spectroscopy
We employed time-resolved photoluminescence (TRPL) to gain insights on the exciton recombination decay kinetics by studying PTB7 fluoresence. Using a low fluence pumping wavelength at 500 nm, we reveal the average PL time constant detected at 750 nm to be 27.4 ps in the neat PTB7 film. This number increases to 31.3 ps, 39.0 ps, and 54.1 ps for films with 1, 5, and 10% P3HT respectively (supporting information, S4). These results show that incorporation of P3HT helps prolong the intensity-independent recombination lifetime of excitons in the PTB7, according to FRET theory. To clarify, the time constants were obtained by fitting the decay profiles with three component-exponential Gaussian formula and averaging over the normalized amplitudes. These films were also prepared from solutions with the same amount of PTB7.
In order to understand photodynamic details for this sensitization process, we employ ultrafast transient absorption spectroscopy. We show the spectral-and time-resolved data detected at the visible range for the polymer-polymer films (Fig. 3) . We ascribe the negative bands spanning from 550 nm to 770 nm that appear in all films predominantly to ground-state bleaching (GSB) of PTB7, and the peaks at 690 and 630 nm, as well as the shoulder at 560 nm represent the 0-0, 0-1, and 0-2 vibronic transitions respectively.
We show that for films with more P3HT, the GSB signal at 690 nm grows stronger at early time (< 50 ps) ( Fig. 3 and Fig. S3a-b) . Since the bleaching of the P3HT does not occur at this wavelength 35 , the increase of GSB of PTB7 can be ascertained by non-radiative excitonic energy transfer from P3HT. To enumerate, we quantify the absolute intensity (|∆A|) of this peak at 1 ps in arbitrary unit. As the P3HT loading rises from 1% to 5% and 10%, this value also rises from 3×10 -3 in neat PTB7 to 3.5, 3.8 and 4.2 ×10 -3 respectively ( Fig. 3a-h ). The kinetics (Fig. 3b, d , f, g) at 690 nm also reveals that the GSB lifetime of PTB7 gets prolonged. Meanwhile, the peak intensity at 630 nm remains approximately the same (only slightly higher for the 10% P3HT sample) at 1.9×10 -3 regardless of whether P3HT is added or not. Together, these observations imply that the increasing bleaching signal of 0-0 PTB7 is in agreement with the energy transfer picture. In addition, we also observe that the peak at 560 nm surges in the blend with 10% P3HT only but not in the other blended samples. Since this peak corresponds very well to the GSB signal from neat P3HT (supporting information, Fig. S3a-b ), this could mean that a film with a 10% loading starts to exhibit larger domains of P3HT, which in turn minimizes the PTB7 interface and hence favors its own bleaching.
Photovoltaic Performance
To investigate the photovoltaic performance of the P3HT-PTB7 devices, a series of P3HT-added PTB7:PC 71 BM devices were fabricated to study the dependency of the device performance on the composition ratio. We show the current density versus voltage measured under simulated AM 1.5 illumination at 100 mW cm -2 in figure 4a. Summarized in table 1 are the pertinent metrics as a function of P3HT loading. The control PTB7:PC 71 BM binary devices exhibit a typical PCE of 7.1%, comparable to the results of previous publications 31, 38, 39 . The introduction of P3HT into the PTB7:PC 71 BM (3% v/v DIO) matrix results in the enhancement in the J sc as predicted by the optical enhancement. Remarkably, we reveal that devices with 5% P3HT records the highest efficiency among all as-casted ternary cells, reporting a PCE of 8.2%, J sc of 17.1 mA/cm 2 , V oc of 0.72 V, and FF of 67%. Indeed, as addressed earlier, higher concentrations of P3HT (>5%) leads to a reduction of device performance, which could originate from excessive blending of the "incompatible" 23 P3HT with the PTB7. We notice that all the as-casted ternary cells in this study suffer from a lower V oc and FF compared to the control cells, and the magnitude of this decrease is proportional to the amount of P3HT added. The increasing J sc counteracts this trend up to 10% P3HT loading, at which the average device efficiency drops to 6.4% with a V oc of 0.62 V and a fill factor of 61.8%.
The improvement of J sc is further elucidated by the results of external quantum efficiency (EQE) measurement. We analyze the results in figure 5a by breaking down the spectrum into two sections. First, the features in the 400 -600 nm range are primarily associated with P3HT's absorption where the average EQE improves from 60.6%, to 64.8%, 68.4% and 71.3% (for 1, 5, and 10% P3HT cells respectively) in response to increasing P3HT concentration. As for the region at 600-750 nm, the photoresponse of the PTB7 is the predominant factor that affects the photocurrent output. Changes of the average EQE is less drastic. We observe only a slight increase from the control 76.6% to 77.1% (for 1% P3HT) and a plateau at 77.5% for devices with 5% and 10% P3HT loading. The EQE difference (∆EQE) of the ternary films further validate that the major improvements that contribute to photocurrent come from 400 -550 nm radiation (Fig. 5b) .
In contrast, additional P3HT does generally not favor a higher V oc and FF. The reduction of the V oc could shed light on the orientation of the P3HT, PTB7, and PC 71 BM in the bulk. Often the V oc of many un-doped single-layer ternary solar cells is located between the V oc of the binary systems 18, [40] [41] [42] . The decreasing trend of the resultant V oc (as P3HT insertion is increased) is consistent to typical P3HT:PCBM devices which reported values from 0.52 to 0.6 V 35, 43, 44 . Given that the interfacial layers and electrodes are the same, the V oc of organic solar cells can be associated to the offset of the donor's highest occupied molecular orbital (HOMO) level and the fullerene's lowest occupied molecular orbital (LUMO) 45 . Therefore, we can infer that for 10% P3HT-added devices, the interface portion of the P3HT/PC 71 BM becomes prominent and thus produces more less-energetic electrons. If this is the case, some of the solutions to the problem of lowering the V oc would be to: (i) use a higher HOMO polymer, or (ii) reduce (but not eliminate) the interface of the P3HT/PC 71 BM in favor of the PTB7/PC 71 BM.
The FF decrease at higher concentrations of P3HT can be associated to the incompatible packing issue 2 . We correlate the FF drop to an increase in series resistance (R s ) and a decline of shunt resistance (R sh ) ( Table 1 ). The R s related to the interfacial resistance and low R sh represents current leakage in the system 46 . A high R s of the ternary devices implies the presence of recombination sites caused by a conflicting packing structure. Hence, understanding the morphological properties of ternary films especially at the organic/electrode interface is crucial 47 , which leads us to the following investigation in the next section.
Study of Nano-morphology
Apart from the photonic behavior, it is equally important to address the morphological impact when P3HT and PTB7 are packed together. While individually, P3HT can be annealed to form a semi-crystalline film (favors 'edge-on' orientation thermodynamically) 48 , PTB7 films take the form of a disordered amorphous (prefer 'face-on' and isotropic) 49 configuration. According to extensive studies on multi-donor ternary solar cells by Y. Yang et. al., it is very likely that blending P3HT with PTB7 could result in "incompatible" ternary films as the insertion of 'edgeon' domains into 'face-on' microstructures can lead to the disruption of effective charge transfer pathways and induce recombination sites 23 ; two factors that are identified to lower the FF 50 .
We conducted tapping-mode atomic force microscopy (AFM) to characterize how the film topology behaves under the influence of additional polymer donor. The results of some typical 1 µm 2 screening windows under different compositions are displayed in Table 2 . AFM was carried out on films that were spin-cast on annealed ZnO/Si wafers to better simulate the surface conformation of actual devices and analyzed with WSxM 5.0 software 51 . The film of binary control, PTB7:PC 71 BM, exhibits a rather smooth and featureless morphology, with the domain size falling in the range of 10-50 nm, and is in agreement with work by G. J. Hedley et. al. 52 We attribute this observation to the solvent additive DIO in suppressing the phase separation of the polymer:fullerene blend. In contrast, the height profiles of the P3HT added ternary films show a steady increase in the root mean square (RMS) roughness. This number rises from 0.9 nm to 1.2 nm (for 1% P3HT), 1.9 nm (for 5% P3HT) and reaches 2.8 nm for samples with 10% P3HT. Notably, the formation of a slightly coarser surface can be favorable for higher efficiency BHJ photovoltaics 53, 54 .
The phase and amplitude scans further unravel more information about homogeneity and probesurface interaction. We note that when the P3HT loading is increased, the microfibrilar-like features that arise from the polythiophene become prominent, accompanied by larger domain sizes. This indicates that the presence of P3HT induces a large extent of unfavorable phase segregation between the polymer and fullerene compounds, and hence thwarts effective exciton dissociation.
Enhancement by solvent annealing
In view of the drawbacks inherited from mixing "incompatible" 23 polymers, we attempt to reengineer the film properties by performing solvent vapor annealing (SVA) modification. Reportedly, thermal annealing can deteriorate the device performance of PTB7:PC 71 BM by encouraging overly large aggregation 55 . Carefully, we employ the SVA technique to improve the photovoltaic performance without introducing excessive heat. This method was also documented to effectively alter the surface conformation and interfacial properties for PSC enhancement [56] [57] [58] . Other non-chlorine based solvent vapors such as methanol had also been used to increase the performance of PTB7:PC 71 BM from 7.1 to 7.9% PCE [58] [59] [60] .
We treated the 5% P3HT with chloroform-xylene co-solvent vapor for 4 hours under room temperature. We observe the as-casted 5% P3HT ternary samples, average PCE under AM1.5 illumination of treated cells increase from 8.14% to 8.63% (highest PCE among 6 cells is 8.72%) after the treatment. Interestingly, the enhanced PCE is associated to an increase of the FF to 69%, in particular, the sharp decline in the R s ( Fig. 4b and Table 1 ). This enhancement is attributed to reduced interfacial resistance, as substantiated by AFM results. As pointed out by other works on SVA, chloroform treatment has reported to increase crystallinity, reduce in-plane π-π stacking of the polymer backbone and domain size of polymer:fullerene phase segregation 61, 62 .
We demonstrate that under the effect of chloroform, the SVA sample reveals smaller but more dispersed domains and the topology becomes less microfibrillar-like (Table 2) . 57 As some modelling simulations suggest 63 , these stratification phases in the as-casted films are formed due to the rapid shearing and drying process during spin-coating. We reveal that the slow drying process of SVA allows more time for the organics to self-orient at thermodynamically favorable conformation. In this case, SVA treatment could induce fullerene micro-ripening 64 and provide driving force for polymer to rearrange intimately 62 without causing adverse large-scale phase separation introduced by thermal annealing.
The EQE of the vapor-exposed films shows an overall up-shift of the spectrum with reference to the 5% P3HT ternary sample, indicating that enhancement by SVA is more likely to be electronic since the results do not show optical preference to any particular spectrum range. To correlate the microscopic mechanical changes to electronic properties, we fabricated hole-only devices and the mobility was analyzed by the space-charge limited current methodology 65, 66 . By solving the gradients and intercepts (Fig. 5c) reported elsewhere 67 . Increases in the hole-mobility by SVA has been associated to inhibition of space charges accumulated at the interfaces, thus leading to lower charge recombination and an increase of the FF 59 .
To investigate the dominating recombination type, we survey the log-log plot of the J sc versus illumination intensity (L). The lower value of fitted linear slope, α, from unity signifies the bimolecular recombination is stronger 68 . Following the relation of J sc ∝ L α , the power factor of illumination intensity on J sc (α) for typical devices are 0.91 (α (binary) ), 0.84 (α (1% P3HT) ), 0.86 (α (5% P3HT) ), and 0.89 (α (5% P3HT-SVA) ) respectively (Fig. 5d) . These results reinforce our inferences that (1) initial incorporation of morphologically incompatible P3HT promotes recombination sites as α (1% P3HT) < α (binary) ; (2) comparing of results of 1% P3HT and 5% P3HT, α (5% P3HT) > α (1% P3HT) , FRET mechanism helps reducing bimolecular recombination loss at the optimal blending; and (3) SVA is effective in alleviating loss due to recombination with the increase of α (5% P3HT SVA) compared to α (5% P3HT) without post-treatment. These findings resonate with the theme of this paper that polymer compatibility should be taken into consideration when designing a new system for multi-donor solar cells and adopting multiple enhancement strategies can to facilitate the development of ternary photovoltaics research to greater heights.
Conclusion
To conclude, we report a simple yet effective method to produce high efficient ternary polymerPSCs. We demonstrate that P3HT and PTB7 are optically complimentary and the mixed films enjoy benefits of panchromatic absorption coverage, cascaded energy alignment, and rapid energy transfer enhancement. However, structurally P3HT and PTB7 have distinctly different preferred packing orientation, and as such this disruption leads to a drastic drop of the FF. To circumvent the problems of mixing "incompatible" polymers, we show that SVA modification of ternary solar cells can effectively improve the FF and carrier mobility, which translates to 22.5% PCE improvement in comparison to the binary PSCs. We also establish that the charge recombination is suppressed by both FRET and the SVA processes, as evident by hole mobility measurements as well as recombination dynamics extracted from the J sc versus light intensity plot. All in all, these findings unravel properties of polymer based ternary films that help formulate better strategies towards commercialization of high efficiency solar cells.
Experimental Section
Device Fabrication ITO-coated thin glasses with sheet resistance of ~7 Ω/□ were purchased from Zhuhai Kaivo Optoelectronics and patterned in-house with HCl. P3HT (4002EE grade, Rieke Metals), PTB7 (1-Materials), and PC 71 BM (Nano-C, 99+%) were purchased and stored in N 2 -filled glovebox. ZnO nanoparticles was grown on the wet-cleaned and ozone treated ITO substrates by sol-gel method 69, 70 and baked at 150 ⁰C for 15 minutes. Chlorobenzene (Sigma-Aldrich) was degassed and dehumidified before mixing with 3% DIO (Alfa-Aesar). PTB7:PC 71 BM (with and without P3HT) solutions were stirred at 60°C for 40 hours and casted at approximately 35-45°C. Solvent annealed devices were flipped and transferred into a sealed French-press (modified in-house) that were saturated with xylene:chloroform (70:30 v/v) mixed solvent. Films were naturally dried in glovebox for at least 30 minutes after such treatment. A gap of ~ 1" was initially kept between the solvent level and the percolation mesh at room temperature. 0.6 nm of MoO 3 and 110 nm of Ag were thermally evaporated at pressure ~ 10 -7 torr to form the contact electrodes.
PCE, Hole Mobility, and EQE Characterization
After fabrication, devices were illuminated at 100 mWcm -2 from solar simulator with AM 1.5G filters (PV Measurements). The illumination intensity was calibrated by a quartz windowed Newport calibrated Si solar cell. The active area of the device irradiated by the light was defined as 8 mm 2 by using a photomask, so no extra current outside of the defined area was collected. Current density-voltage (J-V) data were acquired via Keithley 2400 source measurement unit from which device parameters over the best 16 devices were calculated and averaged (6 devices for solvent annealing experiment). R s is determined by the inversed slope at 1 V. For hole mobility tests, devices of ITO/MoO x /Polymer:Fullerene/MoO x /Au were fabricated accordingly. Positive-bias J-V measurements of these "hole-only devices" were run under dark condition with the Au electrode grounded. Illumination studies were performed by inserting optical density filter along the radiation pathway. The absorption spectra of dried films and solutions were obtained using a Varian Cary 3E UV-vis spectrophotometer, while the film and solution emissions were inspected with Spectra Suite (Ocean Optics) and RF-5310 fluorescence spectrophotometer (Shimadzu) respectively. EQE measurements were performed in air with silicon cell calibrated QEX7 system (PV Measurements) under zero bias.
Time-resolved PL and Transient Absorption Measurement
Broadband TA spectra were obtained using an amplified Ti:Sapphire laser system and optical parametric amplifier (OPA). Briefly, neat P3HT, P3HT-PTB7, and blended films (SpectraPhysics) were resonantly excited with ∼100 fs laser pulses generated by the OPA at repetition rate of 80 MHz. Time-resolved absorption spectra are obtained using a femtosecond broadband supercontinuum probe pulse that is overlapped in time and space with the femtosecond pump pulse. The supercontinuum is produced by focusing a small portion of the amplified laser fundamental into a sapphire plate. Multiwave-length transient spectra are recorded using dual spectrometers (signal and reference) equipped with fast Si array detectors. In all our experiment, we keep the fluence value at 16 µJcm -2 . Chirping due to the different time zero from the array of visible light in white beam is corrected before the data is analyzed.
AFM and cross-section SEM, X-SEM Measurement
Si wafers were cleaved into 1.5 cm 2 sample size and cleaned before spin casting neat and blended films on top. ZnO was precoated before spin-coating the active layers on Si substrates. AFM was conducted on a Bruker (Digital Instruments) under tapping mode with reflective probes resonating at 150 kHz frequency. Samples for X-SEM (with the exact solar cell architecture on ITOs) were immersed in liquid nitrogen for 15 minutes, cleaved at the center, sputtered with 7 to 9 nm of chromium, and loaded into Hitachi SU-70 SEM for inspection. 
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